Abstract-Lightning current is an important parameter that has to be considered. The different behaviour of lightning current depends on the way the lightning strikes either as a direct or indirect lightning strike. In this paper the modelling of the current as a result of a direct strike of lightning on a tall structure is considered. A few of up-to-date on current models, current functions, reflection factors, the return stroke velocity (RSV), the general equation representation of this case are reviewed. Also, through MATLAB software, the results of a case study are generated. The results show a good agreement with the measured values. In addition, the behaviour of the lightning current is evaluated at different heights of the lightning channel with respect to the top and bottom of a tall structure. Also, the lightning current at the top and bottom of the tall structure are observed for different values of the reflection factor. The results show that the peak of the lightning current along different heights of the channel with respect to the top and bottom of a tall structure decreases with increasing height of the channel. Also there is a time delay during the initial time period. Furthermore, the lightning current at the bottom of a tall structure has a high value of peak current and has an attenuation wave shape of current that compares with the lightning current at the top of the tall structure. As a result, this paper may provide benefit in evaluating the electromagnetic (EM) field since the behaviour of the lightning current on a tall structure is known.
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Keywords-lightning current, tall structure, engineering model, current function, RSV I. INTRODUCTION Nowadays, with climate change in the environment, the phenomenon of lightning frequently occurs [1] . This phenomenon contributes to the potential hazards in life and can be dangerous as a result of a direct strike to an object and an indirect strike to the surface of the ground. According to [2, 3] , a direct strike has high impact damage on various objects that are struck. The object that is struck could be a person, a tree or any tall structure such as a high-rise building or a communications tower. In this paper, a direct lightning strike on a tall structure is considered. As stated in papers [4, 5] , a lightning strike is influenced by the presence of tall structures. The authors in those papers claim that the amount of lightning in an area is increased with the presence of a tower. Further, according to [6, 7] , the peak of lightning current contributes to a larger amount of current. As a result, the object that is struck may be exposed to total loss. Therefore, it is necessary to pay much attention to this field and a basic knowledge of the behaviour of lightning strikes on a tall structure is important to be known. Previous work began to consider this field by evaluating the behaviour of the current along a lightning channel and also along the tower which is struck [8] [9] [10] . Such previous works were involved with the measurement of a lightning current direct strike on an instrumented tower [11] [12] [13] , which also generated a simulation current [14] [15] [16] . In this paper, the modelling of a lightning current along a lightning channel and tower with respect to a tall structure is reviewed and a case study is presented to show the behaviour of this lightning current. Also, this paper assumes a single lightning channel without any branches.
II. MODELLING CURRENT
The direct strike of lightning current on a tall tower can be considered in two main parts: 1) the lightning current along the lightning channel 2) the lightning current along the tower. It represents the different behaviours of the lightning current which is based on [17] [18] [19] [20] [21] :1) the upward direction of the lightning current through the lightning channel whereby it is dependent on the RSV, 2) the downward direction of the lightning current through the tower which has multiple reflection currents inside the tower. The reflection current is dependent on the reflection coefficient at the top and bottom of the tower as illustrated in Fig.1 . Moreover, for modelling of the current in the case of a tall structure through a numerical solution, different objectives need to be considered i.e.1) current models 2) current functions 3) reflection factors and 4) the RSV.
1) Current models
Current models show the behaviour of the current along the lightning channel and can be represented through the engineering return stroke [14, [22] [23] [24] model and the EM model [25] . The engineering return stroke models are based on the longitudinal current along the lightning channel at any height and any time to the current at the current origin (current at the top of a tall structure).The five engineering return stroke models that are widely used are Bruce-Golde (BG), Travelling Current Source (TCS), Transmission Line (TL), Modified Transmission Line with Exponential decay (MTLE) and the Modified Transmission Line with Linear Decay (MTLL) model. Each model depends on the RSV parameter of the lightning, and also on the current attenuation factor, within the lightning channel as described by equation (1). Table 1 summarises the dependent parameters of the engineering models [26] [27] [28] . (1) where: z' is a temporary charge height along the lightning channel, is the return stroke current at a height z' along the lightning channel, is the return stroke at the channel base, is the attenuation height dependent factor, is the RSV front , is the RSV and is the Heaviside function. In contrast, the EM model is based on the antenna theory by assumed the lightning channel as a vertical wire antenna. Also, four types of lightning channel representation are introduced such as the resistive wire, wire embedded in a dielectric and an additional distributed series of inductance and shunt capacitance [25] . All these types may produce a RSV speed lower than the speed of light [25, 29] . Moreover, in order to evaluate the current distribution along a lightning channel, Maxwell's equations are used by solving the electric field integral [30] .
2) Current functions
Current functions show the behavior of the current at the first stroke on the struck object and the propagation current wave through the lightning channel and tower with respect to the height of the object struck and the time. It can be presented as a few current functions [31] [32] [33] [34] [35] such as the Bruce-Golde function (also known as the double exponential current model), the Heilder function, the Diendorfer and Uman function which extends the work of the Heilder function (also known as the sum of two Heilder functions), the Nucci function and the Pierce and Cianos function [36] . All of these include certain parameters of lightning current. Equation 2 shows a sample of current based on sum of two Heilder functions. This current function considers the lightning current parameter at the rise-time and decay time. (2) where:
are the amplitude of the channel base current, are the front time constants, are the decay-time constants, are exponents in the range 2~10 and are the amplitude correction factors.
However, in recent years, a few new current function models have been introduced. In 2011, a pulse current function was proposed [37] . This function is based on a combination of Heilder and double exponential function. In addition, another s function also has introduced which known as the New Channel Base Current (NCBC) [38] . This expression reduces the peak correction factor and parameter dependent.
3) Reflection factor
The reflection factors are considered in evaluating the behaviour of the lightning current along the tower [39] . Once the current propagates downward through the tower to the bottom of the tower or the ground, the current will undergo a reflection due to the ground reflection factor and the current will propagate back upward to the top of the tower. Again, this current will experience another reflection (top reflection) to go down the tower again, and so on until absorbed. The reflection factors are important to be considered since they affect the wave shape and peak value of the current. The reflection factors depend on the impedances as described in equation (3) and (4) . Also, the typical value of the impedance [9] is tabulated in Table 2 .
where: and are the top and ground current reflection factor coefficients respectively, , and are the impedance channel, ground and tower impedances respectively. In addition, the ground reflection factors can be considered as frequency dependent or an independent factor at a range of 100 kHz to 800 kHz [39] .The ground reflection factor is dependent at the intermediate frequencies for which the value of the factor decreases. Also the ground reflection factors tend to lose significance for the very low range frequencies. At this range, no travelling waves are presented. Equation (5) describes the 3 relationship between the frequency dependence and this reflection factor.
where: and are the currents measured simultaneously at heights and in the frequency domain. On the other hand, the top reflection factor becomes frequency dependent at a range of 10 kHz to 100 kHz with the need to take into account the channel impedance as described in detail in [39] , whereby Equation (5) needs to be solved before including in the top reflection factor expression. However, by estimating the value of the ground and top reflection factor based on average sampling [40, 41] , the ground and top reflection factors become independent of frequency.
4) RSV
The RSV is considered in evaluating the behaviour of the current along the lightning channel. It has a typical velocity in the range of 1/3c to 2/3c [32, [42] [43] [44] whereby c is the speed of light. However, the RSV along the channel will decrease with an increase in the height of the channel [43] .
As a result of knowledge of the current model, current function, reflection factor and RSV, this can be extended to evaluate the current expression along the lightning channel and tower with respect to a direct strike lightning on a tall structure. This current expression is based on [17] : 1) distributed source representation 2) lumped series of voltage sources and 3) EM representation.
1) Distributed source representation
The distributed source representation is a model that was proposed by Rachidi and group [45] . In this model, the authors do not consider the identical current pulses on the lightning channel and the tower. However, they give attention to the distributed shunt-current along the lightning channel and the tower by taking into consideration the engineering return stroke current model. In other words, the current pulses that flow upward through the lightning channel and downward through tower vary based on time and height with respect to the characteristics of the engineering return stroke model [14, [23] [24] [25] as described by equation (6) and (7). (6) The distribution current along the lightning channel (7) The distribution current along the tower where: and are the top and ground current reflection coefficients respectively, is the number of reflection currents inside the tower, is the height of the tower, is a current function, is the speed of light for the waves that propagate in the tower, is the speed of the upward lightning channel for the waves that propagate in the lightning channel and is for the engineering return stroke current models.
These equations show the general and straight forward formulation for which the calculation method is applied in the time domain field. Also, it shows reasonable equations to be used as compared to the traditional representation. The traditional representation implies a lumped current source at the bottom of the channel, which is the result of an impedance discontinuity at the tower [45, 46] which may have an effect on the evaluation of the result. Furthermore, this equation gives the result of the wave shape current along the tower which is not affected by the speed of the current propagation along the lightning channel. However, it is greatly affected by the reflection factor. As a result, this model is more reasonably applied when a tall object is subjected to a lightning strike. In other words, it can possibly be applied for evaluating the application of an induced voltage.
2) Lumped series voltage source A lumped series voltage source model is a model introduced by Baba and Rakov [47, 48] .They assumed that there is a junction point with a lumped voltage source between the lightning channel and the tower. Equation (8) and (9) express the general equation for the lightning current along the channel and the tower. These equations express the lightning current at different times and heights along the channel and tower in terms of a short-circuit current, which is related to the undisturbed current, .It should be noted that this model is equivalent to the distributed source representation model whereby the terms of the short-circuit current, [9] . (8) The current in the lightning channel z' h
The current at a tower height, 0<z'<h 3) EM model representation An EM model is used to evaluate the lightning current along the channel and the tower through solving an electric field integral equation. Also, it assumes the lightning channel is a 4 vertical wire antenna while the tower is thought of as a thin wire [25, 29] . Apart from the above, recently the modelling of the current with respect to a lightning strike on a tall structure has begun to receive attention from researchers. Different views of the lightning current are considered. In [49, 50] , for example, the research is based on the propagation of a lightning current on conical tall structures by considered different tower-base radii. In other words, the research is more focused on tall structures. In addition, different numerical techniques for modelling of lightning currents have also been proposed. As proposed in [51] , a particle swarm optimization technique is used to calculate the undisturbed lightning current and the current reflection coefficient parameters. Also in [52] , the derivative of a modified Heidler function is used along with the transmission line model representation of the tower.
III. CASE STUDY In this part, the behaviour of the lightning current along the channel and tower with respect to tall structures is defined. The modelling of the current is simulated whereby the distributed current representation model is selected and the MTLE current model is chosen at different heights of the lightning channel. Also, the current function parameter of the sum of two Heidler functions as tabulated in Table 3 is considered. The current parameter functions are obtained from measured values in [25] . In addition, the simulated current is based on a tower with a height of 100 m, with a RSV of and reflection factors at the top and the ground of -0.73 and 0.7 respectively. Fig. 2 shows the simulated and measured waveform. The simulated current wave shape has a good agreement with the measured waveform obtained in [25] . Moreover, fig. 3 shows the lightning current along different heights of the channel, z' at 250 m, 500 m, 1000 m and 1500 m with respect to the top of the tower. The result shows that the peak of the current decreases as the height of the channel increases. Also, the currents suffer a delay time at the initial time period due to the time that is taken by the propagation current through the channel to the evaluated height channel, Also, the wave shape of the current has an affect at each height of the channel due to the influence of the attenuation factor, P(z') as shown in Table 1 . Apart from that, the same behaviour is found for the lightning current along different heights of the channel with respect to the bottom of the tower as presented in fig.4 . However, its current peak is less than the peak of current along the channel with respect to the top of the tower. Furthermore, fig. 5 shows the lightning current at the top of the tower; 100m with the top and ground reflection factors assumed as constant and variable respectively. The result shows that the peak of the current is increased as there is an increase in the reflection factor of the ground. Further, the current at pt=-0.73 and pg=0.7 is almost same as the measured current at the top of the tower as shown in fig. 2 . Also, the peaks of current have a increment of the rise-time for increases of reflection factor of the ground. In addition, fig. 6 shows the lightning current at the bottom of tower; 20m with the top and the ground reflection factor assumed to vary and constant respectively. The results show that the peak of the current is increased for a decrease in the top reflection factor. Further, the peak current at the bottom of the tower is much higher than for the top current and the attenuation wave shape is compared in Fig. 5 . However, it is have a same of rise-time for the each peak of current at the different of top reflection factor. 
IV. CONCLUSION
In this paper, different current models, current functions, reflection factors, RSV and a general equation for the case of a lightning strike on a tall tower have been considered. It is important knowledge that needs to have attention paid to it as it may give benefit to calibrate the experimental work obtained from the instrumented tower. Also, such knowledge may provide information concerning the behaviour of the current which is important in evaluating the EM effect. In addition, previous works in this case have been reviewed and a case study considered and the results discussed accordingly. 
